Amorphous silicon (a-Si) films deposited on oxidized silicon wafers were crystallized to a highly textured form using contact printing of rolled and annealed nickel tapes. Crystallization was achieved by first annealing the a-Si film in contact with Ni tape at 600°C for 20 min in a flowing forming gas ͑90% N 2 , 10% H 2 ) environment, then removing the Ni tape and further annealing the a-Si film in vacuum for 2 h at 600°C. A needle-like morphology of the crystallization front typical of NiSi 2 mediated crystallization was observed. All needles, regardless of their points of origin, belonged to the same ͗111͘ family of directions except for the presence of twins and/or type A-B formations, leading to formation of nearly single crystalline regions up to ϳ20 m in radius that have their crystal axes oriented the same way in all three directions. Furthermore, the orientational relation between Si grains and Ni tape is observed to be Si͗110͘ʈNi͗001͘. The high carrier mobility and current carrying capacity of polycrystalline silicon ͑poly-Si͒ has led to an extensive research for its use in applications such as thin-film transistors ͑TFTs͒ and solar cells.
The high carrier mobility and current carrying capacity of polycrystalline silicon ͑poly-Si͒ has led to an extensive research for its use in applications such as thin-film transistors ͑TFTs͒ and solar cells. 1 In such cases, the need for low-cost substrates, such as glass, requires crystallization to occur below ϳ600°C. Among the many different methods for achieving such low-temperature crystallization, silicide-mediated crystallization ͑SMC͒ of amorphous silicon has attracted much attention due to its low cost, large grain size, and potentially high throughput. Of many possible elements for SMC, Ni has the advantage of forming large grains at low temperatures. By now, various methods such as implantation, 2, 3 deposition, 4 and spin coating 5 of Ni has been used to rapidly crystallize a-Si at temperatures below 600°C. Furthermore, mobilities as high as ϳ300 cm 2 /V have been reported from n-channel TFTs fabricated using poly-Si prepared by SMC. 6 One issue that is rarely discussed in crystallization of a-Si, but may play an important role for future applications, is the ability to control both the location and the orientation of the crystal grains. Because a poly-Si film with controlled grain orientation is tantamount to a single crystalline Si film, developing such orientationcontrolled poly-Si films may not only improve the performance of poly-Si based devices, but also expand their uses to fabrication of high performance devices that so far have been limited to single crystalline Si films, and to their integration with TFT-driven displays.
Such an orientation-controlled crystallization is difficult because nucleation in a solid phase is usually a stochastic process. Recently, however, we have shown that orientation-controlled nucleation can be achieved in an a-Si film deposited on a cold-rolled and annealed Ni tape because the nearly single crystalline Ni tape acts as the template for crystallization. 7 However, such Ni tapes are not compatible with fabrication processes for TFT-based devices. In this article, we report on the result of using such Ni tapes as templates for location-and orientation-controlled crystallization of a-Si deposited on oxidized Si wafers. Nucleation was initiated by contactprinting a patterned Ni tape at 600°C. By using a subsequent anneal of 2 h at 600°C with the Ni tape removed, crystalline Si regions with very high texture and ϳ20 m in radius could be obtained.
Commercial nickel tapes were cold-rolled at room temperature to 300 m thickness and subsequently annealed at 1000°C. Such a process is known to produce nearly single crystalline Ni tapes 8 that can be used as substrates for epitaxial deposition of superconducting films (YB 2 Cu 3 O 7Ϫx ). 9 X-ray pole figure analysis confirmed that the Ni tapes used in this article were nearly single crystalline with the ͓001͔ axis tilted by ϳ21°off the surface normal ͑not shown͒. Raised mesas (150 ϫ 50 m and ϳ6 m high͒ were defined using photolithography and wet chemical etching. 100 nm thick a-Si:H films were deposited on oxidized silicon wafers using inductively coupled plasma of SiH 4 . The base pressure, deposition pressure, deposition temperature, and the plasma power were 1 ϫ 10 Ϫ6 Torr, 8 ϫ 10 Ϫ3 Torr, 130°C ͑nominal͒, and 600 W, respectively. The annealing process was divided into two steps. First, nucleation was initiated by pressing the Ni tapes with mesas onto the a-Si:H film and annealing them at 600°C for 20 min in a flowing forming gas ͑90% N 2 and 10% H 2 ) environment. The pressure was applied using a screw-type jig and a torque of 1 kgf cm, the minimum that we could exert. The nominal pressure on Ni tape is calculated to be ϳ30 MPa, sufficient to initiate reaction of Ni with a-Si. 10 Next, the Ni tapes were removed, and the a-Si films were further annealed at 600°C for 2 h in vacuum (1 ϫ 10 Ϫ4 Torr). After annealing, the crystallized films were analyzed using scanning electron microscopy ͑SEM͒ and transmission electron microscopy ͑TEM͒. Samples for SEM analysis were prepared by dipping the annealed films in a solution of CrO 3 , deionized water, and HF ͑15.15 g:200 mL:2 mL͒ at room temperature for 7 min. This CrO 3 solution is well known to preferentially etch a-Si, 11 and thus allows us to distinguish between the remaining a-Si and crystallized grains. A sample for planar TEM analysis was prepared by backside etch and ion milling. We used focused ion beam ͑FIB͒ method in preparing a sample for cross-sectional TEM ͑XTEM͒ analysis. Prior to FIB etching, W and Pt films were deposited on the sample as a protective layer. Due to the limitations of the FIB method, the region in which XTEM analysis was possible, was limited to ϳ5 m in length. Figure 1a shows the low-resolution SEM image of the annealed film. Rectangular, crystallized areas can readily be identified, indicating that crystallization occurred only near the points of contact between a-Si film and the Ni tape. Figure 1b shows one of the crystallized areas in detail. The crystallized area is larger than the area of the mesas. We can identify two distinct regions: the center region where the Ni tape contacted the a-Si film directly, and the edge region which was crystallized laterally from the center region. Figure 1c shows the center region in detail. Figure 1d shows the crystallization front of the edge region in detail. We find that the front is not smooth. Instead, it consists of many overlapping needles that are growing into the a-Si matrix. Because of such needle-like morphology, the area near the crystallization front is not solid but contains voids, indicating that the crystallization was incomplete there. Away from the crystallization front, however, the crystallized area is solid with very few voids.
Such needle-like morphology is the hallmark of NiSi 2 -mediated crystallization of a-Si. [2] [3] [4] NiSi 2 forms at temperatures as low as 325°C, and acts as nucleation sites for Si grains. 3 After nucleation, NiSi 2 particles migrate through the a-Si matrix in the ͗111͘ directions of Si grains, leaving crystalline needles behind. Yoon et al. 5 have argued that in such a case, the film can develop a ͗110͘ texture because only those grains that have the ͗110͘ axis normal to the surface have four ͗111͘ axes parallel to the film and therefore can grow unimpeded by the surface. Full crystallization of the film is achieved with overlapping and lateral growth of the needles. The source of Ni is the Ni tape that was pressed onto the film during the initial phase of the anneal. Thus, the whole crystallization process may be described by ͑i͒ formation of Ni silicides at the point of contact; ͑ii͒ lateral growth of c-Si needles, mediated by migration of NiSi 2 particles; and ͑iii͒ complete lateral crystallization by overlapping and lateral growth of the needles.
We note that comparable procedures have been used to produce large-grained poly-Si films on SiO 2 by other researchers. 10, [12] [13] [14] In those works, however, lateral crystallization was achieved by relying on randomly nucleated grains whose ͗110͘ axis happened to be nearly normal to the film surface. Therefore, the films, while largegrained, were still polycrystalline. In this case, however, because the Ni tape used to react with a-Si is nearly single crystalline, the NiSi 2 that form on Si films should be single crystalline as well. 7 This is shown in Fig. 2 , an XTEM image of the center region. We find that the entire center region has transformed to Ni 2 Si. What is more, the Ni 2 Si is single crystalline within the region probed by XTEM ͑ϳ5 m long͒, indicating either the formation of a large, nearly single crystalline Ni 2 Si, or the formation of many, identically oriented Ni 2 Si particles that merge into a large nearly single crystalline Ni 2 Si. Following the formation of Ni 2 Si, nearly single crystalline NiSi 2 , enhancing the crystallization of a-Si, is formed through the subsequent silicide formation (Ni 2 Si → NiSi → NiSi 2 ). 15, 16 For the reaction of Ni with crystalline Si, ϳ800°C is required for such a series of silicide formation to occur. 17 However, for reaction of Ni with a-Si, NiSi 2 has been reported to form at ϳ600°C. 16 Thus, crystallization of a-Si proceeds via nearly single crystalline NiSi 2 templates as opposed to randomly uncleated NiSi 2 particles. The detailed relationships between orientations of Ni, Ni 2 Si, NiSi, NiSi 2 , and c-Si are currently under investigation.
As full crystallization occurs via growth and overlap of such needles, we can expect the final crystal grains to be nearly single crystalline. Such a possibility is investigated using TEM. Figure 3 shows a bright-field TEM image of a crystallized region. Inset a shows a selected area diffraction pattern. We obtained a ͗110͘ diffraction pattern when the sample was tilted by ϳ21°off the surface normal. This is in agreement with our previous work that showed the ͗110͘ axis of the nucleated Si grains to be parallel to the ͗001͘ axis of the Ni tape, and confirms that orientations of Si grains were controlled by the Ni tape. 7 More important, as shown in inset b, we obtained the same ͗110͘ diffraction pattern even when no aperture was used, thus allowing the electron-beam to illuminate the entire 20 ϫ 20 m area. This indicates that the entire area shown in Fig. 3 is nearly single crystalline, and confirms that using rolled, annealed Ni tapes to control the orientation of the crystal Si nuclei, large ͑ϳ400 m 2 ͒, highly textured crystalline grains can be obtained on SiO 2 .
Furthermore, such orientation-control is observed not only within a crystallized region, but also between regions crystallized by different mesas on the Ni tape. This is shown in Fig. 4 , which shows the migrating directions of needles randomly selected from 12 different crystallized regions. We find that the migrating directions are not random, as is expected for lateral crystallization of randomly nucleated, ͗110͘ oriented grains. 2 Instead, 26 of 27 needles fall in five distinct groups, labeled ␣ Ϫ . More important, the angular relationships between the groups follow a strict pattern. Groups ␣ and ␤ are ϳ110°apart, which corresponds to the angles between the ͗111͘ directions. Furthermore, groups ␥ and ␦ are oriented such that they are again ϳ110°apart from ␣ and ␤, respectively. Such orientational relationships may be ascribed to the occurrence of twinning. It is also possible that they are due to the occurrence of type A and B SMC, in which the NiSi 2 particle is rotated 180°about the Si ͗111͘ axis, 18 as ␥ and ␦ may be described as 180°rotation of ␤ about ␣ direction and ␣ about ␤ direction, respectively. The direction of group is somewhat ambiguous, because it is oriented in such a way that it is ϳ110°apart from both ␦ and ␥. It is also possible that it represents a 180°rotation of ␣ about ␥ direction.
Thus, Fig. 4 indicates that including twins and possible occurrence of type A-B SMC, nearly all crystalline Si needles belong to the same ͗111͘ family of directions even when they were crystallized by different mesas on the Ni tape, and therefore were nearly 1 mm apart. Because the full crystallization of a-Si film proceeds by overlapping and lateral growth of such needles, Fig. 4 , together with Fig. 3 , indicates that all regions crystallized via contact with the Ni tape have the same orientation in all three directions. Thus, the entire crystallized film is very highly textured. We note that it is possible that some NiSi 2 particles may remain embedded inside the crystallized region. However, we found no diffraction spots due to NiSi 2 , indicating that the density of such silicide particles is very low.
In conclusion, we have demonstrated location-and orientationcontrolled crystallization of a-Si film on a silica substrate using a contact-printing of cold-rolled and annealed Ni tape to provide a nearly single crystalline template. Nearly single crystalline regions with sizes in the range of 20 ϫ 20 m and identical orientation in all three directions were obtained after an anneal of 2 h and 20 min at 600°C through formation and migration of NiSi 2 in epitaxial relationship with the Ni tape used to initiate nucleation. 
